α-Synuclein (aSyn) is the main driver of neurodegenerative diseases known as "synucleinopathies," but the mechanisms underlying this toxicity remain poorly understood. To investigate aSyn toxic mechanisms, we have developed a primary neuronal model in which a longitudinal survival analysis can be performed by following the overexpression of fluorescently tagged WT or pathologically mutant aSyn constructs. Most aSyn mutations linked to neurodegenerative disease hindered neuronal survival in this model; of these mutations, the E46K mutation proved to be the most toxic. While E46K induced robust PLK2-dependent aSyn phosphorylation at serine 129, inhibiting this phosphorylation did not alleviate aSyn toxicity, strongly suggesting that this pathological hallmark of synucleinopathies is an epiphenomenon. Optical pulse-chase experiments with Dendra2-tagged aSyn versions indicated that the E46K mutation does not alter aSyn protein turnover. Moreover, since the mutation did not promote overt aSyn aggregation, we conclude that E46K toxicity was driven by soluble species. Finally, we developed an assay to assess whether neurons expressing E46K aSyn affect the survival of neighboring control neurons. Although we identified a minor non-cell-autonomous component spatially restricted to proximal neurons, most E46K aSyn toxicity was cell autonomous. Thus, we have been able to recapitulate the toxicity of soluble aSyn species at a stage preceding aggregation, detecting non-cell-autonomous toxicity and evaluating how some of the main aSyn hallmarks are related to neuronal survival. alpha-synuclein | E46K mutation | serine 129 phosphorylation | neuronal death | autonomous toxicity
α-Synuclein (aSyn) is the main driver of neurodegenerative diseases known as "synucleinopathies," but the mechanisms underlying this toxicity remain poorly understood. To investigate aSyn toxic mechanisms, we have developed a primary neuronal model in which a longitudinal survival analysis can be performed by following the overexpression of fluorescently tagged WT or pathologically mutant aSyn constructs. Most aSyn mutations linked to neurodegenerative disease hindered neuronal survival in this model; of these mutations, the E46K mutation proved to be the most toxic. While E46K induced robust PLK2-dependent aSyn phosphorylation at serine 129, inhibiting this phosphorylation did not alleviate aSyn toxicity, strongly suggesting that this pathological hallmark of synucleinopathies is an epiphenomenon. Optical pulse-chase experiments with Dendra2-tagged aSyn versions indicated that the E46K mutation does not alter aSyn protein turnover. Moreover, since the mutation did not promote overt aSyn aggregation, we conclude that E46K toxicity was driven by soluble species. Finally, we developed an assay to assess whether neurons expressing E46K aSyn affect the survival of neighboring control neurons. Although we identified a minor non-cell-autonomous component spatially restricted to proximal neurons, most E46K aSyn toxicity was cell autonomous. Thus, we have been able to recapitulate the toxicity of soluble aSyn species at a stage preceding aggregation, detecting non-cell-autonomous toxicity and evaluating how some of the main aSyn hallmarks are related to neuronal survival.
alpha-synuclein | E46K mutation | serine 129 phosphorylation | neuronal death | autonomous toxicity T he abnormal accumulation of the presynaptic protein α-synuclein (aSyn) is the hallmark of a broad spectrum of neurodegenerative disorders collectively known as "synucleinopathies" (1) . Mutations in the gene encoding aSyn (SNCA) are associated with familial forms of these diseases. For example, nonsynonymous point mutations and triplications of the SNCA gene are linked to autosomal dominant Parkinson's disease (PD), while gene duplication of the SNCA gene is sufficient to cause dementia with Lewy bodies (DLB) (2) . Indeed, genome-wide association studies have identified the SNCA gene as one of the strongest risk loci in sporadic forms of PD (3, 4) . Polymorphisms within the SNCA promoter increase PD susceptibility (5) , and a PD-associated risk variant located in a distal enhancer of the SNCA gene regulates aSyn expression (6) . Thus, aSyn would appear to play a central role in these pathologies, and enhanced aSyn expression may even be sufficient to cause familial forms of synucleinopathies and favor the onset of sporadic cases.
The molecular mechanisms by which aSyn causes neuronal death remain elusive. The aSyn protein is intrinsically disordered, existing predominantly as a monomer (7), although tetrameric conformations could exist in a dynamic equilibrium (8) .
A misfolded conformation of aSyn monomers could be more prone to assemble into intermediate or oligomeric aSyn species, triggering fibrillization and their final aggregation into Lewy bodies (LBs), the pathological hallmark of synucleinopathies (9) (10) (11) . The enhanced expression of WT aSyn may be sufficient to initiate this aggregation cascade. Similarly, pathological point mutations could contribute to aSyn aggregation by impairing protein degradation, thereby augmenting the steady-state protein levels and/or favoring the accumulation of aggregation-prone aSyn conformations. In vitro and in vivo studies suggest that aSyn mutations alter degradation pathways (i.e., chaperone-mediated autophagy) (12) and that they modulate aSyn aggregation (13) . However, there is still no conclusive evidence about which are the toxic aSyn species (monomers, oligomers, or fibrillar/aggregated LBs) or how these toxic species contribute to neurodegeneration. When forming LBs, most aSyn is phosphorylated at serine 129 (S129) (14) , a modification that might promote aggregation or that might occur after aSyn assembles into LBs. Despite much effort in cellular and animal models, it remains unclear how this hallmark relates to neurodegeneration (15) .
In recent years, the hypothesis that pathological proteins spread from neuron to neuron has been proposed as a non-cellautonomous mechanism to explain the progression of PD neurodegeneration. Toxic aSyn protein species could be secreted by Significance α-Synuclein (aSyn) plays a key role in neurodegenerative disorders known as "synucleinopathies." By tracking individual primary neurons overexpressing wild-type and mutant aSyn versions we have determined how pathological hallmarks like alterations in aSyn expression and stability, aggregation, or serine 129 phosphorylation (PS129) contribute to neuronal death. We have found that the E46K mutant displayed the highest toxicity. Neurotoxicity was independent of aggregation but correlated with PLK2-dependent PS129. Surprisingly, inhibiting PS129 did not affect neuronal survival, suggesting that this modification is an epiphenomenon. Finally, we set up an assay to score for cell-autonomous and nonautonomous toxicity. While we identified a minor non-cell-autonomous component restricted to proximal neurons, E46K toxicity was mostly cell autonomous. cells and taken up by surrounding neurons, serving as a template to trigger the misfolding and aggregation of the endogenous protein in a prion-like manner (16) . Consistent with this idea, aSyn of CNS origin has been detected in the cerebrospinal fluid of healthy individuals and persons with PD (17, 18) . Overexpression of aSyn in neuronal models promotes aSyn release into the extracellular milieu (19, 20) , and exogenous preformed aSyn fibrils injected into mouse brains can be taken up by neurons, promoting the aggregation of endogenous aSyn in these cells (21) (22) (23) (24) . Moreover, brain propagation with nonfibrillar aSyn protein species has also been observed in mice (25) .
The spreading of toxic aSyn species could explain the ascending pattern of LB distribution in PD postmortem human brains: from the lower brainstem toward the pons, mesencephalon, and to the cortical regions at later stages of the disease (26) . While this hypothesis has generated much interest, the involvement of aSyn-dependent, cell-autonomous mechanisms targeting neuronal populations at different stages during disease progression as a result of differential vulnerability has not been ruled out (27, 28) . Understanding the extent to which an aSyn pathology is caused by cell-autonomous as opposed to non-cellautonomous mechanisms is a fundamental issue when attempting to untangle the events that underpin the progression of these pathologies.
While different animal and cellular models recapitulate different aspects of aSyn pathology, such as aggregation or phosphorylation, they do not allow the relevance of such features to be linked to neuronal survival. To address this limitation, we previously developed an automated microscopy method to track individual neurons expressing fluorescently tagged neurotoxic proteins over long periods of time. Longitudinal tracking of individual neurons enables the risk of neuronal death to be determined quantitatively and Cox regression models to be applied to evaluate predictive factors of neuronal death (29) (30) (31) (32) (33) . Given the relevance of neurotoxic protein dynamics in neurodegeneration, this approach was then adapted to determine the protein's half-life in individual living neurons (optical pulse labeling, OPL) (34, 35) . Based on this approach, we have now developed a neuronal model to assess the risk of death when neurons express WT or mutant aSyn alleles. We then investigated whether the main hallmarks of aSyn pathology, such as protein stability, aggregation, or S129 phosphorylation, contribute to neuronal death. Finally, we developed an assay to quantitatively assess whether aSyn toxicity occurs in a cell-autonomous or a non-cell-autonomous manner, based on the capacity of aSynexpressing neurons to affect the survival of surrounding cells.
Results
The E46K aSyn Pathological Mutation Is the Most Toxic Mutation in Primary Cultures of Rat Cortical Neurons. To identify and track aSyn-expressing neurons over time, we generated WT and pathological aSyn alleles (A30P, E46K, and A53T) fused to monomeric Cherry (Ch) fluorescent protein. The fusions were inserted at the C terminus to avoid interference with any aSyn N-terminal posttranslational modifications (36) . Individual rat cortical primary neurons transfected with plasmids encoding Ch-tagged WT or mutant aSyn versions (SynCh, A30PSynCh, E46KSynCh, and A53TSynCh) and the Ch protein alone as a control were subjected to longitudinal tracking by automated microscopy and survival analysis (Fig. 1A) . Both fluorescence intensity (as a surrogate measure for protein expression) (Fig. S1 ) and survival time (the last time each neuron was observed alive) were estimated for individual neurons. A Cox proportional hazard (CPH) analysis indicated that the WT and mutant (A53T and E46K) aSyn significantly increased the risk of death with respect to control (Ch) neurons. The E46K mutant was the most toxic construct (Fig. 1B) based on the hazard ratio (HR) coefficients for each of the aSyn constructs relative to the control (Ch): E46KSynCh, HR 1.82, P < 0.001, 95% CI 1.6-2.1; A53TSynCh, HR 1.36, P < 0.001, 95% CI 1.2-1.6; SynCh, HR 1.22, P < 0.01, 95% CI 1.1-1.4; A30PSynCh, HR 1.1, P = 0.46, 95% CI 0.9-1.3. The similar steady-state protein levels of all aSyn variants tested ruled out any differences in protein ). CPH analysis: D2 fusions, n = around 500 neurons per condition from four independent experiments; GFP fusions, n = around 900 neurons per condition from five independent experiments. (E and G) Expression of aSyn (WT or E46K mutant) in neurons at 20-24 h after transfection (n = around 100 neurons per condition from representative experiments Mann-Whitney test). All error bars indicate 95% CIs; n.s., nonsignificant; **P < 0.01; ***P < 0.001.
abundance underlying the distinct toxicity observed among the aSyn alleles (Fig. 1C) . Moreover, similar results were obtained when using monomeric GFP-or Dendra2 (D2)-tagged constructs (Fig. 1  D- (Table S1 and Fig. S2A ), and therefore the intrinsic D2 and GFP toxicity masked the WT aSyn toxicity (Fig. S2 C and E) . To rule out the possibility that tagging could affect aSyn behavior/toxicity, we tested the toxicity of untagged aSyn versions expressed from a dicistronic mRNA, which expresses GFP in an internal ribosome entry site (IRES)-dependent manner. Since IRES-driven GFP fluorescence was not sufficient to identify and track transfected neurons, untagged constructs (pCAGGs-Syn-IRES-GFP or pCAGGs-E46KSyn-IRES-GFP) were cotransfected with Ch (Fig. S3 ). Similar toxicity levels were found between untagged and tagged aSyn versions ( Fig.  S3 A and B) . Taken together, our analyses identify E46K aSyn as the most toxic pathological mutation.
The E46K Mutation Does Not Affect Either aSyn Protein Turnover (Half-Life) or Its Propensity to Aggregate. A possible explanation for the contribution of pathological aSyn mutations to neurodegeneration is that aSyn mutations may interfere with proteindegradation pathways (12, 37) , thereby increasing aSyn concentrations and toxicity. Alternatively, the aSyn mutations may favor the adoption of more toxic, aggregation-prone protein conformations (13) . Thus, we investigated whether E46K-dependent toxicity was associated with altered protein stability and/or degradation. We performed OPL experiments to estimate protein turnover (half-life) in primary neurons in vivo (34, 35) . The OPL approach overcomes the need for radioactivity and the use of translational inhibitors in conventional protocols, and it enables protein stability to be studied in individual neurons. OPL experiments are based on the biophysical properties of the fluorescent protein D2 (38), a photoconvertible fluorescent protein that normally emits green fluorescence but that changes its conformation irreversibly upon an intense pulse with blue light, emitting red fluorescence. The photoconverted protein pool can be tracked over time in vivo using automated longitudinal microscopy, such that the red fluorescence intensity (RFI) will decline over time due to protein turnover ( Fig. 2A) . RFI decays following an exponential pattern in individual neurons (Fig. 2B) . Thus, logarithmic transformation of RFI measurements for each individual neuron and further adjustment by linear regression enables the D2 half-life in individual neurons to be determined from the slope (K):
The stability of D2-tagged WT and mutant aSyn alleles expressed in primary cortical neurons was assessed by OPL. The half-life of WT aSyn was previously estimated to be around 50 h in nonneuronal and neuronal cell lines (7, 39) . As such, images were obtained every 12 h after photoconversion over a total of ≈160 h. In the majority of neurons (around 95%) the decay of WT or mutant aSyn-D2 protein followed exponential decay kinetics, such that the half-life was estimated only in neurons with a coefficient of R 2 >0.7. Accordingly, we found the half-life of WT aSyn in primary neurons to be ≈47 h. In contrast to earlier reports (12), we did not observe a longer half-life for the A53T or A30P aSyn mutants compared with the WT (Fig. 2D) . Moreover, and despite its higher toxicity, the E46K mutation did not affect aSyn protein turnover. Similar results were obtained when only neurons with a coefficient of determination R 2 >0.9 were analyzed (≈78% of the total neurons) (Fig. 2E) . Notably, the estimated half-life in these experiments did not depend on the initial amount of photoswitched protein (initial RFI, RFI 0 ) (Fig. 2F) . Thus, the toxicity observed with E46K mutation was not due to an increase in protein stability.
We investigated whether E46K toxicity resulted from enhanced abnormal aggregation, based on the formation of round, bright puncta in neurons expressing fluorescently tagged toxic proteins Half-life estimated for D2-tagged WT aSyn (SynD2) and pathological mutants A30PSynD2, E46KSynD2, and A53TSynD2 in neurons subjected to OPL. Graphs show the estimated half-life for neurons with coefficients of determination R 2 >0.7 (D) and R 2 >0.9 (E) (Kruskal-Wallis and Dunn's post hoc test, n = 130-290 neurons per condition from five independent experiments). (F) No correlation was found between the initial RFI after photoconversion (RFI0) and the protein half-life estimated in individual neurons transfected with D2 or D2 aSyn-tagged constructs (n = 30-50 neurons per condition, a representative experiment). All error bars indicate 95% CIs; *P < 0.05, **P < 0.01, ***P < 0.001.
(e.g., mutant huntingtin) constituting visual proof of aggregation (30, 32, 33, 35) . Visual inspection of cortical primary neurons transfected with WT or E46K aSyn revealed that aSyn was distributed homogeneously, and the formation of aggregates was not apparent during the experiments (see representative images in Fig. 3A ). Since aSyn aggregates are resistant to extraction with nonionic detergents such as 1% Triton X-100 (1% Tx-100) (40), we performed detergent-extraction experiments to assess whether E46K aSyn had a greater propensity to form aggregates. We infected primary cortical neurons with lentiviruses expressing WT or E46K together with an IRES-driven GFP reporter (41) . Compared with transient transfection experiments, lentiviral transduction yielded lower aSyn levels in individual neurons and recapitulated E46K and WT aSyn toxicity (Fig. S3 E and F) . Since our longitudinal survival experiments were carried out for up to 8 d, extracts of the primary neuronal cultures were prepared 5 and 10 d after lentiviral infection by homogenization in buffer containing 1% Tx-100, and the Tx-100-soluble and -insoluble protein fractions were analyzed by Western blots. If aggregate formation occurs, aSyn should appear in the insoluble protein fraction, but both WT and E46K aSyn were found predominantly in the Tx-100-soluble fraction at 5 and 10 d after infection, with a mass of ≈16 kDa (Fig. 3B and Fig. S4 ). As controls for correct extract fractionation, tubulin appeared in the soluble fraction and vimentin in the insoluble fraction (42) . Thus, E46K toxicity cannot be explained by changes in aSyn stability or aggregation. Indeed, our model recapitulates the induction of E46K aSyn-dependent neuronal toxicity before insoluble aggregates appear. Accordingly, we postulate that soluble aSyn species may act as toxicity drivers and that aggregation may take place at later stages of neurodegeneration.
E46K Toxicity Correlates with Strong PLK2-Dependent S129 Phosphorylation, but Phosphorylation Does Not Explain E46K Toxicity.
Posttranslational modifications such as S129 phosphorylation (PS129) could play a role in aSyn toxicity (14) , and thus we measured the PS129 in neurons expressing the WT or mutant forms of aSyn by immunofluorescence using a PS129-specific antibody. The pathological mutation E46K exhibited the highest levels of PS129 (Fig. 4 A-C and Figs. S3C and S5 A-C), confirming recent data (43) . Moreover, the extent of PS129 correlated with the degree of aSyn toxicity (Fig. 1B) .
Two kinases, Polo-like kinase 2 (PLK2) and G protein-coupled receptor kinase 5 (GRK5), have been shown to phosphorylate S129 in neurons (44, 45) . To assess the contribution of these two kinases to aSyn PS129 in our neuronal model, we cotransfected aSyn with plasmids encoding validated shRNAs against rat PLK2 (46, 47) or human/rat GRK5 (Fig. S5D) (48) . Although both shRNAs seemed to reduce the PS129 of the WT and E46K aSyn, only PLK2 silencing yielded a significant inhibition (around 85% reduction) (Fig. 4 D-F and Fig. S5E ). Indeed, a selective PLK2 inhibitor (49) inhibited PS129 in a dose-dependent manner, an effect that was observed 48 h after inhibition and that persisted for up to 8 d at the higher doses (Fig. 4G) . By contrast, the GRK5 inhibitor amlexanox (50) did not diminish the PS129 aSyn (Fig. 4H) , suggesting that PLK2 was the major driver of neuronal aSyn PS129.
Whether aSyn PS129 is causally related to neuronal death remains under debate. Given the close correlation between PS129 levels and aSyn-dependent toxicity, we tested whether PS129 contributes to neuronal death by inhibiting PLK2-dependent aSyn phosphorylation and by generating phosphorylation-incompetent aSyn mutants (S129A). In longitudinal survival analyses of primary cortical neurons cotransfected with E46K aSyn and PLK2 shRNAs, the PLK2 shRNAs decreased PS129, but they did not alter aSyn E46K-dependent toxicity (the increased toxicity with sh1PLK2 was probably due to off-target effects) ( Fig. 5 A and B) . As a complementary approach, we evaluated the effect of pharmacological inhibition of PLK2 on the survival of E46KSynD2-overexpressing neurons. Again, while the PLK2 inhibitor produced a decrease in aSyn PS129 (Fig. 4G) , no changes in neuronal death were evident (Fig. 5C ). Furthermore, longitudinal survival analysis of neurons expressing WT or mutant aSyn (E46K, S129A, or E46KS129A) demonstrated that blocking PS129 did not reduce E46K-dependent neuronal toxicity (Fig. 5D and Fig. S5F ).
Together, these results confirm PS129 to be a pathological hallmark of aSyn-dependent neurodegeneration and identify PLK2 as a major driver of this phosphorylation. However, as the turnover or aggregation of the heavily phosphorylated E46K protein was not altered in our experimental model, PLK2-dependent aSyn phosphorylation would appear to precede the formation of LBs, and as such it may represent an effective biomarker for early alterations in PD. Nevertheless, our results demonstrate that aSyn PS129 does not explain the toxicity of this protein, and they suggest that this pathological hallmark could be an epiphenomenon.
E46K Toxicity Is Predominantly Cell Autonomous. Since our experimental approach documents the death of neurons overexpressing WT or mutant aSyn, and particularly the E46K mutation, it is Mean +/-95% CI C h S y n C h A 3 0 P S y n C h E 4 6 K S y n C h A 5 3 T S y n C h S 1 2 9 A S y n C h tempting to assume a priori that toxicity occurs in a cellautonomous manner. However, aSyn protein could propagate from neuron to neuron in distinct complexes (e.g., monomers, oligomers, or aggregates), spreading toxicity through a non-cellautonomous mechanism. In addition to the mobilization of aSyn species from cell to cell, E46K toxicity could propagate to neighboring neurons by other means, such as through the release of cell debris after neuronal death or through changes in neuronal activity. For instance, overexpression of the E46K mutant in hippocampal neurons inhibits neurotransmitter release (51) . To establish the contribution of non-cell-autonomous mechanisms to aSyn toxicity, we developed an experimental set-up to measure whether neurons expressing a toxic protein affect their neighbors' risk dying. Primary cortical neurons were transfected first with a plasmid expressing a control GFP protein and 24 h later with a second plasmid expressing the Ch-tagged toxic protein of interest. As the probability of cotransfected neurons is very low (around 0.2-0.3% of neurons), the resulting culture contains two different neuronal populations: control neurons expressing GFP (in green) and toxic neurons expressing Ch-tagged toxic proteins (in red) (Fig. 6A) . This allows the risk of death of control neurons when surrounded by neurons expressing neurotoxic proteins to be scored. We acquired adjacent nonoverlapping fields of these neuronal cultures covering a total area of around 46 mm 2 and combined them to create a single tiled image (Fig. 6A) . "Green" and "red" neurons were tracked by automated microscopy for up to 8-9 d, and we estimated the individual survival time and assigned relative positions (x/y coordinates) for each individual neuron in the tiled image.
To validate the approach, we overexpressed an established inducer of nonautonomous toxicity, mutant human amyloid precursor protein (APP). In Alzheimer disease (AD), abnormal APP leads to the accumulation of amyloid-β (Aβ) extracellular aggregates that impair synaptic function and trigger neuronal loss (52) . Pathological APP mutations increase both the amount and aggregation propensity of Aβ peptides. Extracellular Aβ secreted by neurons expressing APP harboring the Swedish and London mutations (APPswe/lnd) impairs long-term potentiation of adjacent neurons that do not express APPswe/lnd (53) . We transfected primary cortical neurons with GFP (as a control) followed by cotransfection with constructs expressing the APPswe/lnd mutant (53) and Ch (APP+Ch). Taking advantage of the strong correlation between APP and Ch expression (Fig. 7  A and B) , we used red fluorescence as a surrogate for APP expression. The risk of death for APP+Ch-expressing neurons was estimated by a CPH analysis, and, as expected, neurons expressing APPswe/lnd had a high risk of death, increasing at higher doses (hd) of the APP plasmid (APP+Ch HR, 1.65; APPhd+Ch HR, 2.46) ( Table 1) . We then scored the risk of death of control GFP neurons neighboring APP+Ch neurons; higher doses of APP significantly affected the survival of control cells [GFP(APPhd+Ch) HR 1.31] ( Table 1 ). The risk of death increased during the experiment, such that a significant risk of death could only be detected at the later time points (Fig. 7C) . Hence, a CPH analysis was performed considering the variable group as a time-varying covariate (tvc), which confirmed that the relative hazard of GFP neurons cocultured with (APPhd+Ch)-expressing neurons changed over time, following the equation: HR = 0.76 × (1.01) t (Table S2 ). The effect of (APPhd+Ch)-expressing neurons over GFP control neurons starts to be significant 100 h after transfection (Fig. 7D) . Therefore, our experimental set-up is sensitive to detect non-cell-autonomous toxicity in neurons.
We next evaluated whether neurons overexpressing Ch-tagged WT and E46K aSyn could influence the survival of neighboring GFP-expressing neurons. WT and E46K aSyn overexpression significantly increased the risk of neuronal death (SynCh HR = 1.33 and E46KSynCh HR = 1.94) ( Table 2 ). However, neither GFP neurons that neighbored SynCh-expressing neurons nor GFP neurons neighboring E46KSynCh-expressing neurons experienced a significant increase in the risk of death compared with control conditions (GFP neurons neighboring Ch-expressing neurons) ( Table 2) .
The previous experiments analyzed the nonautonomous toxicity in a manner independent of distance (i.e., the effect comes from the whole set of neurons within the tiled image). Nevertheless, nonautonomous toxicity could be further modeled as a function of the number of neurons that are located in close vicinity and express a neurotoxic factor. If that were the case, the proximity and number of neurons expressing a neurotoxic protein would affect the risk of death of control neurons. Taking this possibility into account, we defined the variable, n r , that accounts for the number of neurons expressing a neurotoxic protein (SynCh or E46KSynCh), or Ch as a control, within a circle of radius (r) centered on each GFP + control neuron ( Fig. 6 B and  C) . The radii of r = 500 μm and r = 1,000 μm were investigated based on the frequency distribution of n r for the whole set of GFP neurons in the tiled image (Fig. S6) . Subsequently, we estimated the risk of death of GFP + neurons by using CPH models adjusted to n r (Table 3 and Table S3 ). In the adjusted model (with the group and n r factors), the group factor (SynCh or E46KSynCh) did not show any effect on the risk of death of neighboring GFP + neurons (compared with neighboring Ch neurons). On the other hand, n r did have a significant influence on this parameter (Table 3) . Interestingly, a significant interaction between the group and n r factors was evident for both r = 500 μm and r = 1,000 μm (Wald test, P < 0.001). In particular, we found a small but significant effect on the risk of death of GFP neurons neighboring E46KSynCh neurons (HR 1.03 for r = 500 μm and HR 1.01 for r = 1,000 μm) but not for the GFP neurons neighboring SynCh neurons (Table 3 and Table S3 ). Hence, this mild nonautonomous effect observed in our E46KSynCh primary cultures appeared to decrease over distance and escapes the detection threshold at the whole-population level. Of note, further microscopy analysis gave no evidence of cell-to-cell spread of E46K aSyn species to GFP control neurons (Fig. S7 ) that could explain this mild nonautonomous effect. were treated with two doses of the PLK2 inhibitor previously tested and subjected to longitudinal survival analysis (log-rank test; n = 600-1,000 neurons from five independent experiments). (D) Longitudinal survival of neurons expressing aSyn WT or the pathological E46K mutation ± the S129A mutation (CPH analysis; n = 2,500 neurons per condition from seven independent experiments). All error bars indicate 95% CIs; n.s., nonsignificant, **P < 0.01, ***P < 0.001.
Therefore, and although we were able to identify a minor nonautonomous component that was spatially restricted, E46K aSyn toxicity is predominantly cell autonomous.
Discussion
We describe here an in vitro neuronal model that recapitulates aSyn toxicity based on the expression of fluorescently tagged aSyn in primary cultures of rat cortical neurons (WT and the pathological A30P, E46K, and A53T mutants), coupled to the longitudinal tracking of individual neurons over a protracted time course by automated microscopy. Our experimental set-up enables a longitudinal survival analysis to be applied, yielding quantitative estimations of the risk of neuronal death associated with aSyn and allowing its toxicity to be investigated. Through this approach, we were able to identify the pathological E46K aSyn mutation as the most toxic variant, although its enhanced toxicity was not due to enhanced protein stability or aggregation, and it was triggered by soluble aSyn species. We also found that a main pathological feature of PD, S129 aSyn phosphorylation, was strongly correlated with aSyn toxicity, such that the strongest PS129 was associated with the E46K mutation. PLK2 was identified as the main S129 kinase in neurons, but independent approaches demonstrated that PS129 does not play a causative role in neurotoxicity and that, instead, it probably represents an epiphenomenon. Nevertheless, the strong correlation between PS129 and the risk of neuronal death suggests that it could be a useful biomarker for early disease stages. Finally, we evaluated whether E46K-expressing neurons confer susceptibility to death to neighboring control neurons. While we identified a minor E46K-dependent nonautonomous toxic component, it was spatially restricted to local neighbors. Thus, in our experimental set-up E46K aSyn toxicity is predominantly due to cell-autonomous mechanisms.
Patients with mutations in the SNCA gene often display cognitive impairment (54) , which appears to be strongly associated with the E46K mutation. Indeed, the patients in which this mutation was first described developed severe cognitive decline, dementia, and visual hallucinations, all features associated with DLB (55). This is consistent with our results showing E46K to be the most toxic mutation in cortical neurons. We also found that the A53T mutation decreases neuronal survival, albeit to a lesser extent than the E46K mutation. Notably, the toxicity associated with WT aSyn reached statistical significance only with Ch-tagged versions, probably because of the low intrinsic toxicity that this fluorescent protein displays. Toxicity of D2-tagged WT aSyn was reported recently, but differences in the expression vector used or the fact that fusions were performed N-terminally could account for this discrepancy (35) .
The toxicity evident in our in vitro system (E46K > A53T > WT) has been observed in mouse models in which aSyn variants are overexpressed in the substantia nigra by lentiviral transduction (41) . Intriguingly, our results did not recapitulate the A30P-associated toxicity, a mutant that stands apart from the other mutants in different experimental assays. For instance, A30P aSyn has the slowest propensity to induce fibril formation in vitro (56) , and it is equally or less toxic than WT aSyn in yeast models (57) . It is noteworthy that the A30P mutation disrupts the membrane association of aSyn (58) . Indeed, overexpression of WT, E46K, and A53T aSyn in hippocampal primary neurons inhibits synaptic vesicle exocytosis and neurotransmitter release, while the A30P mutant does not (51) . Given these differences, it is reasonable to assume that the mechanism of A30P toxicity could differ from that of the other aSyn mutants.
Compared with animal models of aSyn toxicity, the primary culture model described here recapitulates neuronal loss. Overexpression of human E46K aSyn in rodents reproduces motor impairment and the formation of aSyn intraneuronal aggregates resembling LBs, but neuronal death was not reported (59, 60) . Similarly, most WT and mutant aSyn transgenic mouse models reproduce features of PD, such as striatal dopamine loss, aSyn aggregation, and/or motor impairment, but not neuronal death in the substantia nigra (61) . Nevertheless, neuronal death has been reported in a conditional murine model expressing WT and A30P aSyn and in a BAC model Fig. 6 . Experimental strategy to study the contribution of non-cell-autonomous mechanisms in neuronal death. (A) To assess the potential contribution of noncell-autonomous mechanisms to neuronal death, we assessed how the risk of death in neurons expressing a control protein (i.e., GFP) is influenced by neighboring neurons expressing a toxic protein (i.e., Ch-tagged aSyn constructs). To that goal, we longitudinally imaged primary rat cortical neurons transiently transfected with control and toxic proteins in the same field. Shown is an example of a single tiled image of these neurons created with adjacent nonoverlapping images. Individual survival times were estimated for each individual neuron, and a CPH analysis was used to analyze how toxic neurons (red) influenced the risk of death of control neurons (green). (B) Magnified image of the area within the dashed circle in A showing toxic and control neurons within a 500-μm radius. (C) The number of toxic and control neurons within a 500-μm radius around a single control neuron. The number of red (toxic) neurons in a particular radius around each single GFP (control) neuron is the variable n r (in the example, n r = 12). The n r was calculated for each single GFP neuron in the tiled image at radii of 500 μm and 1,000 μm.
expressing WT aSyn (62) (63) (64) . One major advantage of our model is that it recapitulates aSyn-dependent toxicity in a short temporal framework of 8-9 d, and toxicity can be scored quantitatively to explore the molecular mechanisms of aSyn toxicity as well as therapeutic approaches aimed at increasing the survival of neurons.
It has been reported that the pathological A30P and A53T mutations interfere with chaperon-mediated autophagy, thereby altering the degradation of aSyn and other substrates (12) . Since increased aSyn steady-state levels are sufficient to promote PD, we determined whether the E46K mutation altered the aSyn half-life in primary living neurons using OPL as an indirect assessment of altered degradation. E46K aSyn turnover was similar to that of the WT protein and was even higher than that of A30P aSyn, ruling out altered protein turnover as a driver of E46K toxicity.
Both WT and mutant aSyn concentrate into insoluble oligomers or aggregates of different sizes within neurons, and these species are commonly found in patients and disease models. However, we did not detect overt aggregation in the time course of our experiments, suggesting that protein aggregation is not required for aSyn neurotoxicity. In agreement with this idea, analysis of postmortem human brains affected by synucleinopathies unveiled a dissociation between LBs and neuronal death (65) (66) (67) . Similar dissociation between aggregation and neuronal death has been reported in experimental models of other neurotoxic proteins [i.e., mutant huntingtin or leucine-rich repeat kinase 2 (LRRK2)] (30, 35) as well as aSyn (64, 68) . Thus, our study further supports the notion that aSyn toxicity may arise from early intermediates in the aggregation process (69) or that it is independent of aggregation.
Importantly, we observed differences in aSyn phosphorylation, a pathological hallmark of synucleinopathies, with E46K being the most strongly phosphorylated form, in agreement with recent studies (43) . Using specific shRNAs and kinase inhibitors, we identified PLK2 as the kinase preferentially involved in this phosphorylation. PLK2 phosphorylates aSyn S129 in the CNS (44) , and it is more concentrated in dopaminergic neurons of aged monkeys (70) . The pathological meaning of this posttranslational modification remains unclear. PS129 has been proposed to increase aSyn fibrillization (71) and favor autophagy-dependent aSyn degradation (72) , but controversial results have been obtained when trying to link PS129 to neuronal death (15) . Our data indicate that PS129 occurs in the absence of aggregation and that it does not alter aSyn turnover (which is even increased in E46K relative to other mutants such as A30P). Here we found a striking correlation between aSyn PS129 and neuronal toxicity, and since PLK2 seems to be the main kinase involved in this modification, we could directly test the contribution of PS129 to neuronal death. Through three independent approaches (modulating PLK2 levels and activity and preventing PS129 with the mutation S129A), we demonstrate that impeding aSyn PS129 does not inhibit neuronal death, indicating that this pathological hallmark is an epiphenomenon. We can hypothesize a scenario in which an increase in PLK2-dependent PS129 coincides with the establishment of toxicity without necessarily contributing to neuronal death. PLK2 is an activity-dependent kinase, the levels of which increase with elevated synaptic activity. In this scenario, PLK2 might phosphorylate substrates involved in rearrangements of the actin cytoskeleton, favoring the spine remodeling that would down-regulate synaptic activity (46, 73) . If enhanced aSyn expression leads to changes in neuronal activity, PLK2 could be activated and increase PS129 as part of a program to promote specific substrate degradation and restore neuronal activity. Further experiments should be performed to test this hypothesis.
A growing body of evidence suggests that aSyn species can be released to the extracellular milieu and translocate into neighboring cells by endocytosis. Although the precise mechanism of transmission is not well understood, the hypothesis that aSyn spreading accounts for nonautonomous neuronal death in PD is currently under debate. While experimental evidence demonstrates that aSyn can promote neuronal death via cell-autonomous and nonautonomous mechanisms, the relative contribution of both mechanisms to toxicity has yet to be established. In our system, E46K aSynexpressing neurons only marginally influenced the survival of neighboring control neurons, such that only control neurons near E46K aSyn neurons were affected. This effect was largely dependent on the distance and number of toxic neighbors, failing to detect a nonautonomous effect in the whole-population analysis. Although cell-to-cell spread of E46K aSyn could be a tempting explanation for this mild nonautonomous effect, we did not find evidence supporting this notion. By contrast, and as expected, nonautonomous toxicity was detected when APP was overexpressed. This toxicity was time dependent, suggesting that Aβ peptides accumulate in the culture over time. We cannot rule out the possibility that under more toxic regimes, or over longer time scales, nonautonomous E46K toxicity may play a more relevant role. Nevertheless, our results clearly illustrate a more important cell-autonomous component.
Taken together, our model of aSyn toxicity revealed that some of the main hallmarks of aSyn pathology are not necessary to drive neuronal death. We postulate that the cell-autonomous toxicity arising from nonaggregated forms of E46K may recapitulate early events in aSyn toxicity. Among them, PLK2-dependent aSyn phosphorylation could represent an early biomarker of aSyn toxicity that precedes protein aggregation, while the spreading of aSyn through neurons may preferentially occur at later stages of the disease, in the presence of oligomeric species or protein aggregates. Among the aSyn toxic mechanisms proposed, alterations to vesicle trafficking and neurotransmission could underlie E46K toxicity, as well as interference with the endoplasmic reticulum-Golgi transport and the induction of the unfolded protein response (74) . Finally, this aSyn neurotoxicity model could serve not only to explain early pathological events of synucleinopathies but also could constitute a platform to assess if new therapeutic approaches enhance the survival of neurons affected by these pathologies.
Materials and Methods
Plasmids. Detailed information on the plasmids used in this study is provided in SI Materials and Methods. All plasmids were verified by DNA sequencing. Protein Extraction, SDS/PAGE, and Western Blotting. Whole-cell lysates were collected in radioimmunoprecipitation assay (RIPA) buffer 2 d posttransfection (dpt). After protein quantification, the samples were separated by SDS/PAGE and were transferred to nitrocellulose membranes (Bio-Rad Laboratories). The membranes were blocked and then were probed with primary antibodies overnight at 4°C and with secondary antibodies for 2 h at room temperature (for further details see SI Materials and Methods).
Drug Treatments. To evaluate the contribution of the two different kinases to aSyn phosphorylation, two specific kinase inhibitors were applied to the neuronal cultures. Neurons were fixed with a 4% paraformaldehyde (PFA) (Panreac), 4% sucrose (Sigma) solution and visualized by immunofluorescence (for further details see SI Materials and Methods).
Immunofluorescence. After fixation with PFA and 4% sucrose, neurons were permeabilized in 0.1% Tx-100, blocked with 3% goat serum (Jackson Immunoresearch) and 3% BSA (Merck-Millipore), and incubated with primary and secondary antibodies for 2 h at room temperature. The coverslips were finally stained with DAPI (Sigma) and observed at 63× magnification on a Zeiss Axiovert 200M fluorescence microscope (for further details see SI Materials and Methods).
Automated Image Acquisition. Neuronal survival was studied by automatic longitudinal tracking of neuronal cultures every 12-24 h after transfection on a Zeiss Observer Z1 microscope (29) (for further details see SI Materials and Methods).
Image Processing and Statistics. Fluorescence intensity was measured with MetaMorph Analysis software (Molecular Devices), and graphs were generated with GraphPad Prism 5 software. Survival and photoswitching images were analyzed with MATLAB-based custom programs, and survival analysis was performed with STATA 12 (for further details see SI Materials and Methods).
Antibodies. Detailed information on the antibodies used in this study is available in SI Materials and Methods. 
